Nonalcoholic fatty liver disease (NAFLD) is estimated to affect ∼30% of the population in the United States ([@r1]). Nonalcoholic steatohepatitis (NASH) is believed to develop when NAFLD leads to or is accompanied by inflammation that triggers the development of fibrosis. Steatosis and inflammation are both readily reversible and have little clinical impact; however, fibrosis regresses slowly and impairs liver function ([@r2]). Fibrotic tissue is generated when injury leads to the activation of hepatic stellate cells. These normally quiescent pericytes transdifferentiate into myofibroblasts that inappropriately secrete extracellular matrix ([@r3]). Thus, therapeutic strategies that interfere with fibrosis by targeting stellate cells and myofibroblasts are of great clinical interest ([@r4]).

Nitric oxide (NO) signals by binding and activating the intracellular receptor soluble guanylate cyclase (sGC) to catalyze the conversion of GTP to cGMP. sGC is a heterodimeric enzyme composed of an α and a β subunit that contains an NO-sensitive heme cofactor ([@r5]). Small molecule stimulators bind to and agonize sGC in the presence of the heme cofactor, thus enhancing NO signaling ([@r6]). Praliciguat, a novel sGC stimulator in clinical development, has pharmacokinetic properties consistent with once-a-day dosing and distributes extensively to the liver ([@r7], [@r8]).

Preclinically, sGC stimulators have improved cardiac parameters; decreased renal fibrosis; and suppressed inflammation, heart, and kidney dysfunction ([@r7], [@r9]). Antifibrotic and antiinflammatory effects have also been reported in models of liver fibrosis and portal hypertension ([@r10][@r11]--[@r12]).

In this study, the efficacy of the sGC stimulator praliciguat was tested in models of severe liver fibrosis and in a model incorporating metabolic perturbation with inflammation and fibrosis. Furthermore, the role of NO--sGC--cGMP signaling in the liver was elucidated through experiments that address the cellular location and regulation of sGC as well as the mechanism of action of sGC stimulators in fibrotic livers.

Results {#s1}
=======

sGC Is Expressed in Stellate Cells, but Not Hepatocytes. {#s2}
--------------------------------------------------------

To identify cells that can respond to an sGC stimulator, tissue from normal rat livers was probed with antibodies against sGCα1 and sGCβ1 ([Fig. 1*A*](#fig01){ref-type="fig"}). Hepatocytes, the most common liver cell type, were negative for both subunits of sGC. However, stellate cells, with starlike morphology and containing lipid droplets, stained positive for both subunits of sGC. To confirm that stellate cells, but not hepatocytes, express sGC, isolated cultures of rat stellate cells and hepatocytes were treated with IWP-597 and DETA-NONOate (DETA), an NO donor. IWP-597 is an sGC stimulator with a potency similar to that of praliciguat ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)). Stimulated stellate cells responded with robust generation of cGMP compared with nonstimulated cells ([Fig. 1*B*](#fig01){ref-type="fig"}). In hepatocytes, basal cGMP levels were lower; 7.5× more cells were required to detect cGMP. Hepatocytes did not respond to stimulation ([Fig. 1*B*](#fig01){ref-type="fig"}). Similar results were obtained using human stellate cells and hepatocytes ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)). Additionally, Kupffer cells (the resident macrophage in liver) and vascular smooth muscle cells express sGC and respond to stimulation, while endothelial cells exhibit a very low level of sGC activity ([*SI Appendix*, Fig. S3 *A*, *B*, and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)).

![Stimulation of sGC in stellate cells inhibits fibrotic and inflammatory signaling. (*A*) Rat liver sections stained with antibodies against sGCα1 and sGCβ1. Positive cells containing lipid droplets are indicated by arrowheads. (Scale bar: 10 μm.) (*B*) cGMP levels measured in rat stellate cells and hepatocytes after 30 min of stimulation with IWP-597 (0.1 µM) and DETA (30 µM). Unpaired *t* test. (*C*) Isolated rat stellate cells were cultured for 8 d, and the lysate was probed for α-SMA and tubulin. TGF-β (2.5 ng/mL) was added on the second day; praliciguat (PRL) (10 µM) on the fifth day. α-SMA signal was normalized to tubulin signal. Significance by one-way ANOVA and Dunnett's multiple comparison to vehicle. (*D*) Rat stellate cells cultured with praliciguat (10 µM) and/or LPS (0.1 µg/mL) for 24 h before MCP-1 levels were measured. ns, not significant; \**P* ≤ 0.05; \*\*\*\**P* ≤ 0.0001.](pnas.1821045116fig01){#fig01}

Praliciguat Suppresses Stellate Cell Response to TGF-β and Lipopolysaccharide. {#s3}
------------------------------------------------------------------------------

Isolated rat stellate cells were cultured with the profibrotic factor, TGF-β, to induce their transformation to alpha-smooth muscle actin (α-SMA)--expressing myofibroblasts. Praliciguat treatment completely prevented the TGF-β--induced increase in α-SMA protein ([Fig. 1*C*](#fig01){ref-type="fig"}).

Stellate cells were exposed to lipopolysaccharide (LPS) to activate an inflammatory response. Secretion of monocyte chemoattractant protein 1 (MCP-1), a key cytokine, was quantified. Incubation with LPS increased MCP-1 protein levels by 1.9-fold compared with control cells. Coincubation with praliciguat completely prevented the LPS-induced increase in MCP-1 ([Fig. 1*D*](#fig01){ref-type="fig"}). Stimulation of Kupffer cells with LPS resulted in secretion of IL-1β and TNF-α. No effect of treatment with IWP-597 was observed ([*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)).

Myofibroblasts in Fibrotic Tissue Express sGC. {#s4}
----------------------------------------------

Having confirmed that stellate cells in healthy livers express sGC, expression was assessed in fibrotic liver tissue. Fibrotic bridges stained positive for both the α and β subunits of sGC, suggesting that stellate-derived myofibroblasts express sGC. Hepatocytes in fibrotic livers were negative for staining of both subunits ([Fig. 2*A*](#fig02){ref-type="fig"}). To quantitate levels of sGC in normal and fibrotic tissues, the expression level of sGC genes was measured. Expression of the gene for sGCα1 (*Gucy1A1*) was greater by 2.5-fold, and expression of the gene for sGCβ1 (*Gucy1B1*) was greater by 1.9-fold in tissue from fibrotic livers compared with healthy livers ([Fig. 2*B*](#fig02){ref-type="fig"}). Gene expression of the downstream NO--sGC--cGMP pathway members---protein kinase G (PKG) and vasodilator-stimulated phosphoprotein (VASP)---was also higher in fibrotic tissue than in normal tissue. Similar changes in gene expression were also measured in other models ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)). Fibrotic livers contained a greater amount of both sGCβ1/GAPDH protein (3.9 ± 0.1 vs. 2.7 ± 0.4 a.u., *P* \< 0.05; 1.4-fold increase) and α-SMA/GAPDH protein (4.5 ± 1.1 vs. 0.8 ± 0.1 a.u., *P* \< 0.01; sixfold increase) than livers from animals given vehicle ([Fig. 2*C*](#fig02){ref-type="fig"}).

![sGC and cGMP in normal and fibrotic livers. (*A*) Sections of livers from vehicle (normal) and CCl~4~ (fibrotic) groups were stained with antibodies against sGCα1 and sGCβ1. Arrowheads denote fibrotic bridges. (Scale bar: 25 μm.) (*B*) mRNA levels for the sGCα1 and sGCβ1 genes. (*C*) Western blots for sGCβ1, α-SMA, and GAPDH were performed on liver lysate. (*D*) cGMP production in response to stimulation was measured in the control group (*n* = 8) and the CCl~4~-induced fibrosis group (*n* = 7). PBS (vehicle), praliciguat (PRL) (1 mg/mL), and SNP (S) (100 µM) plus praliciguat (1 mg/mL) were locally delivered by retrodialysis. (*E*) Levels of cGMP in the liver after 4 d of oral dosing with praliciguat (10 mg/kg) (*n* = 15) or vehicle (*n* = 10). Significance determined using an unpaired *t* test. ns, not significant; \**P* ≤ 0.05; \*\**P* ≤ 0.01; \*\*\*\**P* ≤ 0.0001.](pnas.1821045116fig02){#fig02}

To directly determine the activation of sGC in vivo, microdialysis was used to measure cGMP. In normal livers, basal levels of cGMP were 1.0 ± 0.5 nM. Addition of sodium nitroprusside (SNP), an NO donor, increased cGMP levels to 3.2 ± 1.4 nM. Addition of praliciguat resulted in cGMP levels of 5.5 ± 0.9 nM. cGMP levels reached 19.2 ± 1.6 nM upon simultaneous addition of praliciguat and SNP.

cGMP levels were similar in fibrotic and control liver tissues (1.1 ± 0.1 vs. 0.8 ± 0.1 nM) ([Fig. 2*D*](#fig02){ref-type="fig"}). After treatment with praliciguat, the cGMP level in fibrotic livers was greater than that in normal livers (12× baseline vs. 6× baseline). Furthermore, perfusion with a mixture of SNP and praliciguat induced a 60-fold increase in cGMP level in carbon tetrachloride (CCl~4~)-treated fibrotic livers compared with a 20-fold increase in normal livers ([Fig. 2*D*](#fig02){ref-type="fig"}).

Orally dosing normal rats with praliciguat resulted in higher levels of cGMP in the liver dialysate as compared with vehicle-treated rats (1.9 ± 0.3 nM vs. 0.9 ± 0.9 nM, respectively, [Fig. 2*E*](#fig02){ref-type="fig"}).

Praliciguat Reduces Fibrosis and Inflammation in CCl~4~-Induced Fibrosis. {#s5}
-------------------------------------------------------------------------

CCl~4~ treatment induced extensive bridging fibrosis: 14% of the tissue area was positive for collagen compared with less than 1% positive area in the vehicle group as assessed by picrosirius red (PSR) staining. Praliciguat treatment had the greatest effect when dosed at 3 mg/kg per day; collagen-positive area was 33% less than in the CCl~4~ control group ([Fig. 3*A*](#fig03){ref-type="fig"}). Nineteen percent of tissue was positive for α-SMA. In the groups treated with 1, 3, and 10 mg/kg per day of praliciguat, α-SMA--positive tissue area was respectively 20%, 29%, and 21% less than in the CCl~4~ control group ([Fig. 3*B*](#fig03){ref-type="fig"}). Hepatic hydroxyproline content was decreased in the 1 and 3 mg/kg per day groups, reaching statistical significance in the 10 mg/kg per day group ([Fig. 3*C*](#fig03){ref-type="fig"}). Similar effects of praliciguat on PSR and α-SMA staining were observed in the thioacetamide (TAA) model ([*SI Appendix*, Fig. S5 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)).

![Antifibrotic effect of praliciguat in the CCl~4~ model. Experimental groups are vehicle (corn oil) (*n* = 12), CCl~4~ alone (*n* = 12), or CCl~4~ with 1 (*n* = 12), 3 (*n* = 12), or 10 mg/kg (*n* = 12) of praliciguat per day. (*A*, *Left*) PSR-positive tissue area. Data analyzed by one-way ANOVA followed by Fisher's least significant difference comparison with the CCl~4~ group. (*A*, *Right*) Representative images of a tissue section from each group. (Scale bar: 200 μm.) (*B*, *Left*) Quantification of α-SMA--positive tissue area for each experimental group. (*B*, *Right*) Representative images of a tissue section from each group. (Scale bar: 100 μm.) (*C*) Hepatic hydroxyproline content in each experimental group. (*D*) mRNA expression levels of fibrotic markers in liver tissue: *Tgfb* and *Acta2*. Data analyzed using one-way ANOVA followed by Dunnett's multiple comparison with the CCl~4~ group alone. (*E*) Liver lysate from vehicle, the CCl~4~ control group, and the 3 mg/kg per day praliciguat (PRL) group were probed for pAMPK (Ser-108), SMAD7, and tubulin. Unpaired *t* tests comparing each condition to the CCl~4~-alone group. \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001.](pnas.1821045116fig03){#fig03}

Hepatic expression of genes encoding the fibrotic markers TGF-β (*Tgfb*), PDGF-β (*Pdgfb*), α-SMA (*Acta2*), and MMP2 (*Mmp2*) were up-regulated in the liver tissue of animals in the CCl~4~ control group. Treatment with 1, 3, and 10 mg/kg per day of praliciguat suppressed the increase in TGF-β and PDGF-β gene expression. Expression of the genes for *Mmp2* and α-SMA were lower in the 3 and 10 mg/kg per day praliciguat groups than in the CCl~4~ group ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S5*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)).

Levels of phosphorylated AMPK (pAMPK) (Ser-108) and SMAD7 were significantly lower in the CCl~4~ control group liver samples compared with the vehicle group. In the group that received 3 mg/kg per day of praliciguat, levels of pAMPK and SMAD7 were significantly greater than those in the CCl~4~ control group ([Fig. 3*E*](#fig03){ref-type="fig"}).

Liver enzymes---alanine aminotransferase (ALT) and aspartate transaminase (AST)---were elevated in the CCl~4~ group, indicating hepatic damage, and were comparatively lower in all three treatment groups ([Fig. 4*A*](#fig04){ref-type="fig"}). To assess the level of macrophage infiltration in the CCl~4~ model, liver sections were stained for the macrophage marker CD68. In the vehicle control group, 2% of the tissue area stained positive. In rats treated with CCl~4~, 14% of the liver stained positive for macrophages; however, in the 3 mg/kg per day praliciguat group, only 10% of the total tissue was positive, indicating reduced levels of infiltrating macrophages ([Fig. 4*B*](#fig04){ref-type="fig"}).

![Reduction of local and systemic inflammation in praliciguat-treated groups in the CCl~4~ model. (*A*) ALT and AST liver-enzyme plasma levels were quantified in samples from all groups. Significance determined using one-way ANOVA followed by Dunnett's multiple comparison with the CCl~4~ group. (*B*, *Left*) Quantification of area staining positive for the macrophage marker CD68 from vehicle, the CCl~4~ group, and the praliciguat (3 mg/kg per day) group. Data analyzed by one-way ANOVA followed by Fisher's least significant difference comparison with the CCl~4~ group. (*B*, *Right*) Representative images of a stained tissue section from each group. (Scale bar: 100 μm.) (*C*) mRNA expression levels in liver tissue of the inflammation markers Tnfa and *Ccl2*. (*D*) Liver lysate from vehicle, the CCl~4~ control group, and the 3 mg/kg per day praliciguat (PRL) group were probed for p65 and tubulin. Signal for p65 was normalized to tubulin signal and presented as a ratio. Unpaired *t* tests comparing each condition to the CCl~4~-alone group. \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, and \*\*\*\**P* ≤ 0.0001.](pnas.1821045116fig04){#fig04}

Hepatic expression of genes for the inflammatory markers TNF-α (*Tnfa*) and MCP-1 (*Ccl2*) was up-regulated in the CCl~4~ model. MCP-1 gene expression was lower in rats treated with 1, 3, and 10 mg/kg per day of praliciguat than in the CCl~4~ group. TNF-α gene expression was lower in the 3 and 10 mg/kg per day praliciguat groups than in the CCl~4~ control group ([Fig. 4*C*](#fig04){ref-type="fig"}). Plasma TNF-α levels were found to be significantly greater in the CCl~4~ group than in the control group. TNF-α levels were normalized in both 1 and 3 mg/kg per day praliciguat groups ([*SI Appendix*, Fig. S5*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)).

Greater amounts of NF-κB p65 was observed in the CCl~4~ control group than in the vehicle group. The amount of p65 was significantly decreased in the group that received 3 mg/kg per day of praliciguat compared with the CCl~4~ control group ([Fig. 4*D*](#fig04){ref-type="fig"}).

Praliciguat Ameliorated Liver Damage in the STAM/HC Model. {#s6}
----------------------------------------------------------

In the steatosis and metabolism with high cholesterol (STAM/HC) mouse model of NASH, ALT and AST levels were respectively twofold and threefold higher compared with the control group. Enzyme levels in the groups treated with 3 and 10 mg/kg per day of praliciguat were similar to vehicle animals ([Fig. 5*A*](#fig05){ref-type="fig"}). Compared with the vehicle group, plasma cholesterol was elevated in the STAM/HC group. This increase in plasma cholesterol was attenuated by 21% in both treatment groups ([Fig. 5*B*](#fig05){ref-type="fig"}). The increase in liver triglycerides observed in the STAM/HC control group was reduced by 25% in the 10 mg/kg per day praliciguat group ([Fig. 5*C*](#fig05){ref-type="fig"}). Additionally, levels of hydroxyproline and expression of fibrotic and inflammatory genes were increased in the STAM/HC control group but were comparatively lower in the praliciguat-treated groups ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)).

![Praliciguat treatment attenuates inflammation and steatosis in the STAM/HC model of NASH. Experimental groups are vehicle (*n* = 9), STAM/HC (S/HC) (*n* = 7), STAM/HC with 3 mg/kg per day of praliciguat (*n* = 9), and STAM/HC with 10 mg/kg per day of praliciguat (*n* = 7). (*A*) ALT and AST plasma levels. Data analyzed using one-way ANOVA followed by Fisher's least significant difference test comparing all other groups to the STAM/HC group. (*B*) Cholesterol was measured in plasma. Data presented in micrograms of cholesterol per deciliter of plasma. (*C*) Triglyceride levels in the liver are expressed as nanograms of triglycerides per microgram of protein.](pnas.1821045116fig05){#fig05}

sGC Expression and Activity in Human 3D Cell Culture Model. {#s7}
-----------------------------------------------------------

cGMP was below the level of detection in untreated microtissues composed of hepatocytes, Kupffer, stellate, and liver sinusoidal endothelial cells. Stimulation with IWP-597 and DETA induced robust production of cGMP (3.95 ± 0.21 nM) ([Fig. 6*A*](#fig06){ref-type="fig"}). In histological sections of microtissues cultured with TGF-β for 7 d, α-SMA was detected around the periphery of the microsphere ([Fig. 6*B*](#fig06){ref-type="fig"}). TGF-β treatment of microtissues increased expression of the gene encoding α-SMA (*Acta2*) by 1.5-fold, indicating the induction of fibrosis. Incubation with the sGC stimulator blunted the response to TGF-β ([Fig. 6*C*](#fig06){ref-type="fig"}). Microtissues treated with IWP-597 and DETA in addition to TGF-β secreted 39% less MCP-1 protein than those incubated with TGF-β alone ([Fig. 6*D*](#fig06){ref-type="fig"}).

![sGC in human tissues. (*A*) Human liver microtissue cultures were stimulated with IWP-597 (10 µM) and DETA (30 µM) (*n* = 2) for 30 min. cGMP levels in the vehicle-treated cultures were below detection levels. Data analyzed using an unpaired *t* test. (*B*) Sections of microtissues incubated in control or TGF-β--containing media were stained for α-SMA. (Scale bar: 25 μm.) (*C*) The gene expression levels for *Acta2* were measured in microtissues treated with TGF-β (3 ng/mL) and IWP-597 (10 µM) for 48 h. Data analyzed by one-way ANOVA followed by Dunnett's multiple comparison with TGF-β alone. (*D*) MCP-1 protein was measured in the cell media of microtissues treated with TGF-β and DETA (*n* = 7) or with TGF-β, IWP-597, and DETA (*n* = 6) for 48 h. Unpaired *t* test. (*E*, *Upper*) Human stellate cells cocultured with hepatocytes were treated with TGF-β (2.5 ng/mL) with or without praliciguat (PRL) (10 µM) and DETA- (10 µM) for 5 d, and lysate was probed for pAMPK (Ser-108), SMAD7, and tubulin. (*E*, *Lower*) pAMPK and SMAD7 signals were normalized to tubulin signal and are presented as a ratio. Unpaired *t* tests comparing each condition to TGF-β alone. (*F*) Formalin-fixed, paraffin-embedded healthy human liver stained for sGCβ1. (Scale bar: 10 μm.) (*G*) Serial sections fibrotic human liver stained for sGCβ1 and α-SMA. (Scale bar: 25 μm.) \**P* ≤ 0.05, \*\**P* ≤ 0.01.](pnas.1821045116fig06){#fig06}

Praliciguat Stimulation Increases pAMPK and SMAD7 in TGF-β--Treated Human Stellate Coculture. {#s8}
---------------------------------------------------------------------------------------------

Human stellate cell and hepatocyte cocultures were treated with TGF-β with and without praliciguat and DETA. TGF-β--treated cultures contained lower levels of pAMPK (Ser-108) and SMAD7 compared with vehicle-treated cultures; however, levels in praliciguat-treated cells were significantly higher, although not restored to vehicle levels ([Fig. 6*E*](#fig06){ref-type="fig"}).

Location of sGCβ in Human Tissue. {#s9}
---------------------------------

Human histological liver sections (*n* = 4) were obtained from patients diagnosed as normal or as having NASH/fibrosis. In normal liver samples, sGCβ1 was detected in perisinusoidal cells whose location and shape were consistent with that of stellate cells. Similar to the observations made in rat tissue, no staining was detected in human hepatocytes ([Fig. 6*F*](#fig06){ref-type="fig"}). Within the diseased samples, there were nonfibrotic regions where sGCβ1 localization resembled healthy tissue. However, within the fibrotic bridges that stained heavily positive for α-SMA, multiple sGCβ1-positive clusters of fibroblast-like cells were observed (Metavir stage F3, [Fig. 6*G*](#fig06){ref-type="fig"}). Furthermore, sGCβ1 was detected around hepatic blood vessels.

Discussion {#s10}
==========

We present unequivocal evidence that sGC is expressed and active in stellate and Kupffer cells, but not in hepatocytes. This finding contrasts with other studies that report sGC expression in hepatocytes ([@r12], [@r13]). In our study, we measured sGC activity in isolated hepatocytes and found that rat and human hepatocytes cannot be stimulated to produce cGMP with an NO donor, with praliciguat, or with a combination. In contrast, isolated primary stellate cells clearly responded to sGC stimulation. Stellate cell expression of sGC was further demonstrated using immunohistochemistry with specific antibodies against sGCα1 and sGCβ1. Again, hepatocytes had no positive signal. Furthermore, the immunohistochemical staining of fibrotic tissues provides evidence that stellate cell sGC expression is maintained after their activation to myofibroblasts. Given the central role of stellate cells in liver fibrosis ([@r14]), therapeutic approaches that specifically target stellate cells and stellate cell-derived myofibroblasts in NASH are expected to have great impact on the disease ([@r4]).

A key feature of sGC signaling in fibrotic stellate cells was unraveled using in vivo microdialysis to pharmacologically study sGC activation in normal liver and in the CCl~4~ fibrosis model. While total sGC mRNA and protein was increased in fibrotic livers, the enzymatic activity was not increased. This apparent disconnect is most likely due to the low availability of NO due to depletion by reactive oxygen species ([@r15]) or dysregulation of endothelial NOS ([@r16], [@r17]). After praliciguat stimulation, a greater amount of cGMP was generated by fibrotic livers compared with normal livers, consistent with the presence of unstimulated sGC. We hypothesize that this sGC activity accounts for the positive pharmacological effects observed here in multiple models of liver disease. sGC stimulators are uniquely suited to restoring cGMP-dependent signaling in a low-NO state due to their ability to synergize with NO to activate sGC as previously demonstrated in HEK cells ([@r7]) and illustrated here in vivo using microdialysis.

Praliciguat displayed robust antifibrotic effects in cell culture assays and animal models. Praliciguat suppressed TGF-β--induced stellate cell activation, demonstrating that sGC stimulation is antifibrotic in rat and human stellate cells. This effect may be general to prefibrotic cell types because modulation of the NO--sGC--cGMP pathway has been found to inhibit fibroblast-to-myofibroblast transformation in lung fibroblasts and dermal fibroblasts ([@r18][@r19]--[@r20]). Consistent with the in vitro results, in vivo expression of TGF-β target genes, such as *Acta2* and *Mmp2*, was attenuated in praliciguat-treated groups. In addition, praliciguat-treated groups expressed lower levels of TGF-β and PDGF-β, considered master drivers of fibrosis, compared with nontreated groups.

Interestingly, praliciguat did not modulate the canonical TGF-β signaling pathway in stellate cells as assessed by phosphorylated SMAD2 and SMAD3. However, in vitro and in vivo praliciguat treatment resulted in increased levels of SMAD7, a pathway member known to antagonize TGF-β signaling ([@r21], [@r22]). Additionally, levels of the activated pAMPK (Ser-108) followed a similar pattern. AMPK activation has been reported to increase SMAD7 ([@r23]). We propose a model in which active PKG, resulting from sGC stimulation and cGMP signaling, leads to AMPK phosphorylation and SMAD7 up-regulation, resulting in inhibition of profibrotic TGF-β signaling ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental)). This molecular mechanism could explain the observed antifibrotic activity of praliciguat.

The observations that praliciguat's effect on some end points appears to be less effective at the highest dose may be due to unexpectedly high plasma levels of compound in the 10 mg/kg per day group. The doses used were selected based the general pharmacological effects observed with praliciguat ([@r7]). The lower doses of praliciguat (1 and 3 mg/kg per day) resulted in plasma levels consistent with little or no effect on blood pressure (\<5 to 10 mmHg). However, the 10 mg/kg per day dose resulted in plasma exposures that would reduce mean arterial blood pressure by ∼15 to 20 mmHg. This reduction in mean arterial pressure could activate the renin--angiotensin system, a phenomenon that been associated with pathology of liver diseases ([@r24]). Thus, it may partially oppose the antiinflammatory and antifibrotic effects of praliciguat. Clinical doses of praliciguat resulted in exposures similar to those observed in groups receiving 1 and 3 mg/kg per day ([@r25]).

Praliciguat's suppression of LPS induction of MCP-1 secretion reveals that sGC stimulation can directly inhibit the up-regulation of an inflammatory signaling molecule in stellate cells. Consistent with praliciguat's in vitro effect, hepatic expression of *Ccl2*, the gene for MCP-1, was lower in the praliciguat-treated groups of the CCl~4~ and STAM/HC models. MCP-1 has been shown to mediate macrophage/monocyte infiltration into the liver ([@r26], [@r27]), and the lower expression of *Ccl2* may explain the observed decrease in hepatic macrophage infiltration. On a molecular level, praliciguat treatment resulted in comparatively less of the NF-κB subunit p65, potentially due to SMAD7-mediated down-regulation ([@r28]) as schematized in [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental). While many of praliciguat antiinflammatory effects could be mediated by stellate cells, praliciguat may also impact the inflammatory cells involved in liver fibrosis, such as Kupffer cells and infiltrating macrophages or neutrophils ([@r29]). Elucidation of the effect of sGC stimulation on Kupffer and other inflammatory cells during fibrogenesis requires further investigation.

To investigate the role of sGC in metabolically driven liver fibrosis, we studied the STAM/HC model, in which insulin deficiency is combined with a high-fat, high-cholesterol diet to induce hepatic inflammation and fibrosis. Praliciguat-treated groups exhibited lower levels of inflammatory and fibrotic markers. In addition, praliciguat treatment decreased levels of plasma cholesterol and hepatic triglycerides, which is consistent with observations made in a diet-induced obesity (DIO) mouse model in which hepatic steatosis and levels of hepatic triglycerides were attenuated by praliciguat ([@r11]). Similar effects in the DIO model were previously noted with a different sGC stimulator, Bay 41-8543 ([@r30]). In an exploratory phase 2 clinical study, subjects with type 2 diabetes and controlled hypertension who received daily praliciguat for 2 wk had lower levels of plasma LDL cholesterol and triglycerides than the subjects receiving placebo, suggesting that praliciguat can also affect metabolism in humans ([@r25]). Although, further studies will be needed to clarify the exact mechanism behind this metabolic modulation; our current findings suggest a role for AMPK, a pathway recently suggested to be the connection between nitrate--nitrite--NO signaling and decreased steatosis ([@r31]).

In conclusion, we have shown that hepatic stellate cells and myofibroblasts are the main hepatic cell types that respond to praliciguat, while hepatocytes do not. Moreover, sGC stimulation of rat stellate cells as well as human liver microtissues inhibited TGF-β--induced fibrotic biomarker expression and MCP-1 secretion, identifying a mechanism by which sGC stimulation exerts an antiinflammatory effect. In vivo, praliciguat and NO acted synergistically to stimulate cGMP production by sGC. In fibrotic livers, increased sGC expression is likely due to the greater number of myofibroblasts compared with the number of stellate cells in healthy livers. The antifibrotic effects of sGC stimulation observed in vitro correlate with fewer myofibroblasts, less collagen deposition, and lowers levels of fibrotic biomarkers in the CCl~4~, TAA, and STAM/HC models of liver fibrosis. Antiinflammatory effects were observed in the CCl~4~ and STAM/HC models, in which decreased hepatic macrophage infiltration, plasma TNF-α, and biomarkers of inflammation were noted in praliciguat-treated groups. Finally, in the STAM/HC model, praliciguat-treated groups had lower levels of hepatic triglycerides and plasma cholesterol compared with vehicle-treated groups. These preclinical data illustrate the multidimensional pharmacology of praliciguat and support further examination of its therapeutic use in NASH, a disease characterized by hepatic steatosis, inflammation, and fibrosis.

Materials and Methods {#s11}
=====================

Compounds and Chemicals. {#s12}
------------------------

Praliciguat and IWP-597 were synthesized at Ironwood Pharmaceuticals. Other chemicals were purchased from Sigma-Aldrich, unless otherwise noted.

Animal Models. {#s13}
--------------

All animal-use protocols were reviewed and approved by the Institutional Animal Care and Use Committee of Ironwood Pharmaceuticals. The STAM/HC model was performed as described in Fujii et al. ([@r32]) with the modification that 2% cholesterol was added to the high-fat diet. Praliciguat treatment began at 6 wk of age and continued until study end at 12 wk of age.

For CCl~4~ fibrosis induction with praliciguat treatment, CCl~4~ was administered for 8 wk. Praliciguat treatment commenced 2 wk after the study began. For CCl~4~ fibrosis induction and microdialysis, CCl~4~ was administered for 4 wk before microdialysis. For microdialysis, a linear microdialysis probe (BASi) was inserted into the right medial lobe of the liver and perfused with PBS, SNP (100 µM), or praliciguat (1 mg/mL) at a rate of 2.5 µL/min for 60 min. Dialysate cGMP levels were quantified using an enzyme immunoassay for cGMP according to the acetylation protocol provided by the manufacturer (GE Amersham). Analysis of liver and plasma samples is described in the [*SI Appendix*, *Supplemental Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental).

Hepatocyte and Stellate Cell Culture and Human Liver Microtissues. {#s15}
------------------------------------------------------------------

Human primary hepatic stellate cells (ZenBio), human primary hepatocytes, cryopreserved rat primary hepatic stellate cells, and hepatocytes (In Vitro ADMET Laboratories) were cultured according to standard practices and as described in [*SI Appendix*, *Supplemental Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental). Human microtissues were purchased from InSphero and cultured according to the manufacturer's instructions with modifications as described in [*SI Appendix*, *Supplemental Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental).

sGC Enzyme Assay and sGC Whole-Cell Assay. {#s16}
------------------------------------------

These assays were conducted as previously described ([@r7]).

RNA Expression Levels. {#s20}
----------------------

Gene expression in the tissue homogenates was measured using a QuantiGene 2.0 Plex Assay (Affymetrix/Life Technologies) following the user's manual. Analytes were measured using Luminex MAGPIX (Bio-Rad). Signal was normalized to housekeeping genes.

Western Blotting. {#s21}
-----------------

Western blotting was performed using standard methods and the antibodies described in [*SI Appendix*, *Supplemental Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821045116/-/DCSupplemental). Expression of the protein of interest was normalized to the expression of a housekeeping protein (tubulin or GAPDH), and data are presented as a ratio or as fold change over a baseline condition where noted.

Statistics. {#s22}
-----------

Results were analyzed by the statistical test described in the figure legends using GraphPad Prism v7.02 software (GraphPad Software, Inc.), with *P* values of \>0.05 not significant and \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, and \*\*\*\**P* ≤ 0.0001.
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